Objectives: Medical terminologies vary in the amount of concept information (the "density") represented, even in the same sub-domains. This causes problems in terminology mapping, semantic harmonization and terminology integration. Moreover, complex clinical scenarios need to be encoded by a medical terminology with comprehensive content. SNOMED Clinical Terms (SNOMED CT), a leading clinical terminology, was reported to lack concepts and synonyms, problems that cannot be fully alleviated by using post-coordination. Therefore, a scalable solution is needed to enrich the conceptual content of SNOMED CT. We are developing a structure-based, algorithmic method to identify potential concepts for enriching the conceptual content of SNOMED CT and to support semantic harmonization of SNOMED CT with selected other Unified Medical Language System (UMLS) terminologies. Methods: We first identified a subset of English terminologies in the UMLS that have 'PAR' relationship labeled with 'IS A' and over 10% overlap with one or more of the 19 hierarchies of SNOMED CT. We call these "reference terminologies" and we note that our use of this name is different from the standard use. Next, we defined a set of topological patterns across pairs of terminologies, with SNOMED CT being one terminology in each pair and the other being one of the reference terminologies. We then explored how often these topological patterns appear between SNOMED CT and each reference terminology, and how to interpret them. Results: Four viable reference terminologies were identified. Large density differences between terminologies were found. Expected interpretations of these differences were indeed observed, as follows. A random sample of 299 instances of special topological patterns ("2:3 and 3:2 trapezoids") showed that 39.1% and 59.5% of analyzed concepts in SNOMED CT and in a reference terminology, respectively, were deemed to be alternative classifications of the same conceptual content. In 30.5% and 17.6% of the cases, it was found that intermediate concepts could be imported into SNOMED CT or into the reference terminology, respectively, to enhance their conceptual content, if approved by a human curator. Other cases included synonymy and errors in one of the terminologies. Conclusion: These results show that structure-based algorithmic methods can be used to identify potential concepts to enrich SNOMED CT and the four reference terminologies. The comparative analysis has the future potential of supporting terminology authoring by suggesting new content to improve content coverage and semantic harmonization between terminologies.
Introduction

Motivation
Controlled terminologies and bio-ontologies provide structured domain knowledge as the foundation of various healthcare information systems as well as of biomedical research. They have been widely used for encoding clinical data for diagnoses, problem lists [1] [2] [3] , billing [4] , etc. The concepts linked by hierarchical and semantic relationships in controlled terminologies have also been facilitating major components of natural language processing systems, which lay a solid foundation for rule-based clinical decision support systems [5] . However, the field of biomedical informatics is increasingly suffering from the tension between numerous biomedical research information standards [6] , available or under development, and their sparse adoption by researchers and vendors. Moreover, heterogeneous information models (e.g., Health Level Seven Reference Information Model [7] , OpenEHR Reference Model [8] ) that provide frameworks for structuring medical data are often required to use more than one terminology (e.g., ICD-9, LOINC) [9] . The same terminologies are also used with more than one information model [10] , creating a barrier for semantic interoperability.
To address this issue, the informatics community has been putting efforts into semantic harmonization for both information models and terminologies [11] , whose driving forces include improving semantic interoperability among heterogeneous healthcare systems. Cimino listed domain completeness (conceptual content) as the most desired property for a good controlled terminology [12] , and pointed out that "any controlled terminology will necessarily lack the richness of detail available from the vocabulary of a natural language [13] ". Therefore, a harmonized core terminology is needed to serve as a common ground for heterogeneous medical systems [11] . However, due to varying structure and features, harmonization of different coding systems is difficult, labor-intensive and time-consuming, which poses a significant challenge for largescale harmonization tasks [14] . Our interests lie in semi-automated methods for suggesting new concepts for existing terminologies to improve the domain coverage of each terminology.
SNOMED Clinical Terms (SNOMED CT), developed and managed by IHTSDO (International Health Terminology Standard Development Organization), is considered as the most comprehensive multilingual clinical healthcare terminology in the world [15, 16] . Internationally, SNOMED CT is being implemented as standard within IHTSDO member countries [17] . By 2015, SNOMED CT will be one United States standard for encoding diagnoses, procedures, and vital signs (e.g., height, weight, blood pressure, and smoking status) in electronic health records (EHRs) under Stage 2 of Meaningful Use, with the intention of promoting interoperability [18] . Specifically, SNOMED CT is to be used to "enable a user to electronically record, modify, and retrieve a patient's problem list for longitudinal care (i.e., over multiple office visits)" [19, 20] . To accelerate the adoption and meaningful use of EHRs by providers, incentives and penalties were defined and later refined and adjusted [21, 22] .
SNOMED CT arranges over 300,000 concepts in 19 top-level hierarchies (e.g., Substance, Procedure, Clinical finding) that are organized with IS A relationships. Even though it provides rich conceptual content, researchers have advocated greater coverage of common problem statements with improved synonymy and conceptual content [23] . In a survey among its direct users, missing concepts and missing synonyms were encountered by 23% and 17% of the respondents, respectively [24] . To assess its effect in the clinical setting, we have previously simulated a primary care scenario and demonstrated some of the difficulties of choosing a proper SNOMED CT term when describing the symptoms of a patient [25] .
Even though post-coordination could, to some extent, alleviate these issues, some clinical statements with complex and rare clinical scenarios could not be encoded using post-coordinated SNOMED CT terms [26] . We need to seek a scalable solution to improve the coverage of SNOMED CT. Toward this end, in this work, we focus on developing structural, algorithmic methods to enrich the conceptual content of SNOMED CT. We show that comparative analysis has the future potential to support terminology authoring by suggesting new concepts to improve content coverage. Increasing the number of concepts that are shared between two terminologies will make the task of semantic harmonization of these two terminologies easier.
Approach
The Unified Medical Language System (UMLS) [27] , as the most comprehensive biomedical terminological system, has already inherently harmonized numerous well-established terminologies and ontologies within a coherent structure. The UMLS Metathesaurus [28, 29] integrates more than 8.9 million terms from 170 source vocabularies into 2.9 million concepts (in the 2013AB release). All terms with the same meaning have been mapped to the same UMLS concept with a distinct Concept Unique Identifier (CUI). The UMLS has been investigated for use in terminology alignment [30, 31] and integration [32] . It can serve as a source of pairs of terminologies with matched concepts. Importantly, SNOMED CT is also included in the UMLS. By using the UMLS, we can focus on the conceptual content regardless of the original concept model employed by its source terminologies.
In our recently published paper [33] , we introduced a semiautomated structural methodology that utilizes the common structure of the UMLS to find potential concepts for semantic harmonization. We defined "structurally congruent concept pairs" from pairs of terminologies in the UMLS [33] . In a structurally congruent topological pattern of concepts (illustrated in Fig. 1) , there are two different intermediate concepts in two UMLS terminologies that have identical parent concepts and identical child concepts in both terminologies (based on two IS A paths). In previous work, we hypothesized that there are six ways how two congruent concepts can be related to each other. For example, the two concepts can be synonyms, alternative classifications of the same parent, or stand to each other in a parent child relationship, etc. Categorizing two structurally congruent concepts according to these six cases, semantic harmonization for each case can be conducted appropriately, e.g., by importing one concept as a parent of the other, importing it as a synonym, etc.
By analyzing a random sample of congruent concepts by a domain expert, we showed that it is feasible to use this semiautomated structural method to support semantic harmonization efforts. However, due to the simple layout of the structurally congruent topological pattern shown in Fig. 1 , the method does not scale well. Therefore, this method was not sufficient for a largescale semantic harmonization task.
In this paper, we considerably extend the previously published structural method in terms of both complexity and depth: (1) we introduce a systematic method for identifying terminologies that are best suited for constructing topological patterns together with SNOMED CT concepts; (2) we identify and analyze considerably more complex topological patterns than in previous work; and (3) we use the occurrences and the complexity (i.e., number of intermediate concepts) of such topological patterns that were identified in (2) as a measure of density differences between SNOMED CT and the identified suitable terminologies. We hypothesized that there exist large density differences between the reference terminologies and SNOMED CT. Leveraging the common structure and native term mappings of source terminologies in the UMLS, this extended method identifies candidate concepts for semantic harmonization in a scalable fashion.
Related work
Previously, Bodenreider performed a study of redundant relations and similarity across families of terminologies and discussed the relationship between redundancy and semantic consistency [34] . Bodenreider observed that it is the policy in the UMLS that "PAR" represents an explicit parent-child relationship in a source, and "RB" indicates an implied one (as interpreted by the UMLS editorial team) [35] .
To capture patient information precisely, it is required that the data is encoded with great detail. Previously, Arts et al. [36] reviewed various methods for evaluating terminological systems and concept coverage was one of the most assessed metrics for a terminology. Cornet suggested that semi-automatic terminology authoring could be based on information content, which can be used internally in one terminology, e.g., to balance the granularity level between hierarchies. However, the methods cannot be used to support harmonization across terminologies, which is the goal of our study [37] .
The term density covers a number of distinct phenomena in biomedical informatics. Rector et al. [38] distinguished between granularity and density in medical terminologies. They start out by stating that "it is rarely made clear exactly what is meant by 'granularity', but stress that "a major challenge for bioinformatics is to bridge levels of granularity and scale. . ." Density is described by Rector as "The number of semantically 'similar' concepts in a particular conceptual region. How 'bushy' the subsumption graph is." Rector et al.'s analysis provides logical formulations of important distinctions between density and related properties [38] .
Kumar et al. [39] use "granularity" as level of granularity in anatomy, e.g., single biological macromolecule versus the whole organism. In this paper, we adopt "density" as our term, instead of "granularity." The notion of density deals with the level of detail at which conceptual knowledge about the biomedical domain is represented in a medical terminology, which is not necessarily in terms of level of granularity in anatomy. Our approach is close to the comparative method of Sun and Zhang [40] , however, they use the term "granularity" for this phenomenon. One case discovered in our analysis is that a density difference sometimes indicates the possibility of importing concepts from one terminology into the other terminology. MIREOT [41] defines a set of guidelines for importing classes from external ontologies. However, it only supports OBO foundry ontologies in Web Ontology Language (OWL) format. In this paper, all the terminologies are in UMLS Rich Release Format. Thus, the import guidelines introduced in MIREOT cannot be used here directly.
Omissions in terminologies are undesirable, and locating them is one of the goals of work in terminology auditing [42] . In past work, we have developed methods to recognize certain omissions in the UMLS and some of its source terminologies [43] [44] [45] .
Objectives
Having established the need for a better understanding of inter-terminology relationships for semantic harmonization, the objectives of this work are best expressed by two connected research questions:
(1) What topological patterns occur between pairs of medical terminologies, and how often do these topological patterns occur? (2) How can complex terminology patterns be interpreted?
The outcomes of this work are twofold: (1) we are identifying potential concepts for enhancing the conceptual content of SNOMED CT and of the selected reference terminologies; (2) we are identifying modeling errors, inconsistencies, overlooked synonyms and ambiguities in the UMLS and its source terminologies. With these outcomes, we intend to support semantic harmonization efforts between UMLS terminologies and help curators improve the quality of biomedical terminologies to better support their use in various applications.
The remainder of the paper is organized as follows. Section 2 describes the methods for identifying reference terminologies used for this work and the algorithms of finding topological patterns. In Section 3, we present the results of our experiments. Finally, we will discuss the results and implied future work in Section 4 and draw conclusions in Section 5.
Materials and methods
Identifying reference terminologies
In this work, we use the term "reference terminology" to refer to the selected UMLS terminologies that could potentially contribute concepts to SNOMED CT, and vice versa. We note that our use of this name is different from the standard use [46] (i.e., reference terminology versus interface terminology). Fig. 2 illustrates the process of identifying reference terminologies for this work. We first identified English UMLS source terminologies with "PAR" relationships annotated with "IS A" labels. The rationale for using these two criteria to identify an initial set of English candidate terminologies is (1) "PAR" relationships represent parent-child relationships between two concepts. (2) "IS A" labels are used in well-defined terminologies to explicitly represent generality-specificity relationships, because a "PAR" relationship might encode, for example, meronymy (i.e., part of).
Next, we excluded repetitive terminologies, e.g., we used only one of two terminologies with common historical roots. We then analyzed the overlap of each of the remaining candidate terminologies with each of the 19 top-level hierarchies of SNOMED CT. If a candidate terminology has over 10% overlap with at least one hierarchy of SNOMED CT in terms of shared UMLS CUIs, it is included as a reference terminology in this work. We chose "10%" as the minimum overlap threshold, because only when a reference terminology has sufficiently many concepts in common with SNOMED CT (determined by the UMLS) can our algorithms yield a viable number of topological structures (as defined below) for semantic harmonization. 2.2. Analyzing 1:k and k:1 topological structures Fig. 3 shows excerpts from two "hypothetical" terminologies. The instances of concept A have the same CUI in both terminologies, which means that UMLS curators regarded them as the same concept. The same is true for concept C. However, Terminology 2 has an additional concept B located on a path of PAR links from C to A. Thus, one can argue that in the limited scope of paths from C to A, Terminology 2 is of higher density than Terminology 1, because it represents more details, by including the additional concept B and its PAR links from C, and to A. Note that we ascertain that B does not appear anywhere in Terminology 1.
The distinctions between Terminology 1 and Terminology 2 in Fig. 3 appear in the vertical (PAR) structures of the two terminologies. Thus, this is referred to as a "vertical density difference." The scope of this paper is limited to vertical density differences.
Due to the shape defined by the three PAR links and the two dotted lines ("same CUI") indicating identity of the concepts from two source terminologies in the UMLS, this topological pattern is referred to as trapezoid in the balance of the paper. As the ratio of PAR links is 1:2, it is a 1:2 trapezoid. Similarly, 2:1 trapezoids are also defined. In this work, we exhaustively identify all the 1:k and k:1 trapezoids, i.e., with no intermediate concept in one terminology and multiple intermediate concepts in the other terminology (1:3, 1:4, 3:1, 4:1, etc.). We use trapezoids as a measure of density difference between the reference terminologies and SNOMED CT.
Analyzing m:n trapezoids
For m:n trapezoids where m ≥ 2 and n ≥ 2, the relationships of intermediate concepts from both terminologies need to be determined by domain experts. As the values of m and n grow, the possible relationships between intermediate concepts become more complex. In this study, we have conducted experiments to identify 2:n (n ≥ 3), 3:n (n ≥ 2), and 4:n (n > 1) trapezoids. Out of these kinds of trapezoids, 2:3 and 3:2 trapezoids were analyzed in detail.
For intermediate concepts X, Y and Z in a 2:3 trapezoid, as can be seen in Fig. 4 , it is hypothesized that there are six possible cases of how X, Y, and Z may relate to each other. Additionally, errors might be found in Terminology 1 and Terminology 2. We will not differentiate between different kinds of errors. Thus, in total, eight possibilities are defined. For intermediate path concepts X, Y and Z in a 3:2 trapezoid, eight analogous hypotheses are defined. Samples of such topological patterns have been reviewed by a domain expert. The review consisted of identification of which of the eight types were present and how many of each. The results will be presented in Section 3.3. Note that 2:2 trapezoids (the notion of structurally congruent concepts in [33] ) were analyzed previously and are therefore not included in this study.
Design and implementation of the trapezoid identification algorithm
We loaded the UMLS and SNOMED CT into our Oracle server. We separated SNOMED CT into 19 hierarchies for identifying reference terminologies that have sufficient overlap with at least one hierarchy of SNOMED CT to be included in our analysis. We then created a sub -table of the MRREL table (UMLS relationship table) containing all "PAR" relationships annotated with "IS A" labels in the reference terminologies. This sub-table contained only the rows and columns absolutely necessary for the "IS A" path construction.
We implemented the algorithms for finding all trapezoid topological patterns in pairs of terminologies in PL/SQL [47] , the native procedural language of Oracle. One terminology was taken from the list of reference terminologies, the other one being SNOMED CT. The UMLS is well known to contain many cycles [35, 48] . Fig. 5 illustrates an example hierarchical cycle with three concepts in the UMLS. According to our published method on auditing cycles in the UMLS [49] , the thick arrow C → B would be considered as erroneous and the cycle in this configuration should be broken by removing this IS A relationship. In this study, we eliminated the hierarchical cycles during processing by detecting repeated concepts (CUIs) in the path of a terminology. In the example shown in Fig. 5 , the path B → C → B would be eliminated by our algorithms because the concept B appears twice in this path.
It should be noted that multiple parents may lead to overlapping trapezoids, which could in turn lead to counting the same intermediate concepts repeatedly. This problem was taken into account. When our algorithms identify various kinds of trapezoids, the same intermediate concept with multiple parents may be found in multiple trapezoids, each with a different parent. The combinations of CUIs (including the parent, the child, and the intermediate concepts) in the trapezoids are distinct. These intermediate concepts are collected, duplicates are eliminated, and counts are adjusted in our algorithms.
For each kind of trapezoid analyzed in this work, we wrote a separate PL/SQL procedure. The algorithm for identifying 1:2 trapezoids (Algorithm 1) is as follows. We matched the same concepts (concept A and concept B in this algorithm) by finding concepts in two source terminologies with the same CUIs. In the UMLS, an AUI (atom unique identifier) is the unique identifier of an atom, i.e., a term in the source terminology. Multiples AUIs in a source terminology can be mapped to the same UMLS concept with the same CUI. A relationship between two concepts in the source terminology is represented as a relationship between two AUIs in the UMLS. Therefore, we used AUIs to construct the hierarchical parent-child path within a terminology by matching the AUI of the target concept in a parent-child relationship to the AUI of the source concept in another parent-child relationship. As illustrated in Algorithm 1, the path A → C → B was constructed by matching C's AUI in two parent-child relationships "A IS A C" and "C IS A B." In SNOMED CT, such a parent-child path resides in a single hierarchy, because all the ancestors and descendants of a given concept are located in the same hierarchy as the concept. The condition "C does not exist in Terminology 1" is true if and only if Terminology 1 does not contain the CUI of concept C. The algorithms for other trapezoid topologic patterns were written in a similar fashion. For each reference terminology, we used the following algorithm (Algorithm 2) to identify all the m:n (where m ≥ 1, n ≥ 1) trapezoids. The outer loop controls the number of "PAR" relationships ("m" in this algorithm) in Terminology 1, whereas the inner loop controls the number of "PAR" relationships ("n" in this algorithm) in Terminology 2. The variable "n" is incremented whenever the algorithm finds any m:n or m:(n + 1) trapezoids, while the variable "m" is incremented whenever the algorithm finds any m:1 or (m + 1):1 trapezoids. For example, the algorithm will identify 1:2, 1:3, 1:4, . . ., 1:9 trapezoids first. If it cannot find any 1:10 and 1:11 trapezoids, it will look for 2:2, 2:3, . . ., 2:n trapezoids. Finally, k:1 trapezoids are identified after the algorithm finishes searching for k:n trapezoids.
Results
Identified reference terminologies
In the UMLS, we first identified eight candidate reference terminologies (Table 1) , because they are in English and they use the "PAR" relationship annotated with the "IS A" relationship label. The University of Washington Digital Anatomist (UWDA) was excluded, because it is a subset of FMA [50] . SCTUSX was excluded, because it has concepts in the US extension only. SNOMED CT was used as the focus terminology in this work.
According to our overlap analysis, among these six candidate terminologies, CPM and GO do not have ≥10% overlap with any of the 19 top-level hierarchies of SNOMED CT. In fact, they do not have ≥2% overlap with any of the 19 top-level hierarchies of SNOMED CT. Therefore, we removed them from the reduced candidate set of reference terminologies. The four remaining terminologies from the 2012AB release of the UMLS were used as reference terminologies for SNOMED CT. They are MEDCIN, NCI, UMD and FMA. Based on the results of our algorithmic overlap analysis, we verified that FMA may contribute concepts to the phenotypic structure and anatomical branch of SNOMED CT (body structure hierarchy). NCI may contribute concepts to the carcinoma branch of SNOMED CT (body structure, pharmaceutical/biologic product, and qualifier value hierarchies). MEDCIN, as a terminology for encoding data in EHRs, may contribute to the clinical finding, pharmaceutical/biologic product and substance hierarchies of SNOMED CT. UMD may contribute concepts to the physical object hierarchy of SNOMED CT.
3.2. Analysis of 1:k and k:1 trapezoids Table 2 shows the comparison of SNOMED CT with the four reference terminologies. When we calculated the numbers in columns 3 and 4, duplicate concepts were eliminated. One of the possible interpretations of a density difference is that a concept could be imported or exported into "the other" terminology. Table 2 is therefore ordered by the number of concepts that could be imported/exported (column 3).
The first column shows the name of the reference terminology and the second its size. The third column defines the number of concepts that the reference terminology could contribute to SNOMED CT. SNOMED CT could also contribute concepts to the reference terminologies. The numbers of those are in the fifth column. Columns 4 and 6 list the total numbers of 1:k trapezoids and k:1 trapezoids found by the algorithm. A path "on the right side" in a 1:3 trapezoid indicates that there are two concepts in SNOMED CT that could be contributed to the reference terminology. It can be seen from the table that NCI can contribute the largest number of concepts to SNOMED CT, while also receiving the largest number of concepts from SNOMED CT. Table 3 shows the numbers of observed 1:k and k:1 trapezoids, ordered by increasing values of k. The table shows that 1:k trapezoids were found with k up to 9 (we did not find any 1:10 and 1:11 trapezoids, so the algorithm terminated after processing the case of 1:11). For the mirror image case, k:1 trapezoids, examples were found up to k = 6. Columns 3 and 6 show numbers of distinct additional concepts in each kind of trapezoid. The aggregated numbers of trapezoids together with the numbers of concepts can reveal to a terminology curator the association between the number of potential concepts to be imported and the complexity of the trapezoids. The number of trapezoids decreases with the increased height of the topological pattern. Importing concepts always requires approval of the responsible terminology curator. Since 2:1, 3:1, 4:1 trapezoids contribute over 90% of distinct additional concepts that could be imported into SNOMED CT, a curator should concentrate on these trapezoids to determine candidate concepts for import. In the online supplementary material, we have provided a spreadsheet including the CUIs of all the additional concepts and the kind of trapezoid for each identified additional concept. In the spreadsheet, we show distinct additional concepts for each pair of terminologies and each kind of trapezoid. Fig. 6 shows an example of a 2:1 trapezoid that was found in this research. The pair of concepts "Vaccines," C0042210, and "Hepatitis A Vaccine, Inactivated," C0795623, exists in the NCI and SNOMED CT. In SNOMED CT, "Hepatitis A Vaccine, Inactivated" is a child of "Vaccines." In NCI the two concepts are separated by "Vaccines, Inactivated," C0042212. Thus "Vaccines, Inactivated," is a concept that could be imported into SNOMED CT (into the pharmaceutical/biologic substance hierarchy), if a SNOMED CT curator agrees. Fig. 7 shows an example of a 3:1 trapezoid. Both the FMA and SNOMED CT contain the concepts "Connective Tissue" and "Loose areolar connective tissue." There is a direct link between them in SNOMED CT, but there are two concepts "Irregular connective tissue" and "Loose connective tissue" between them in the FMA. Thus, it should be considered to import these two concepts into SNOMED CT (into the body structure hierarchy). Table 4 shows three additional high density examples in a more space-conserving format, namely a 5:1 trapezoid with the FMA as the reference terminology, a 6:1 trapezoid with the NCI as the reference terminology and a 1:9 trapezoid with SNOMED CT having a much higher density than MEDCIN. Whether one wishes to import all those concepts depends on the domain and goals of SNOMED CT and of the reference terminologies and this decision needs to be made case by case, by the responsible ontology curators. Table 5 shows the numbers of 2:3 and 3:2 trapezoids found. In order to analyze the relationships of intermediate concepts in the trapezoids, for 2:3 trapezoids, random samples of 50 trapezoids were chosen from each of MEDCIN, NCI, and FMA, all of which have more than 50 2:3 trapezoids. For 3:2 trapezoids, random samples of 50 trapezoids were chosen from MEDCIN and NCI. If fewer than 50 trapezoids were found, i.e., for UMD and FMA, all the available trapezoids were reviewed by a domain expert.
Analysis of m:n trapezoids
YC, who graduated with a PhD on the topic of auditing medical terminologies and has training in Sports Medicine, was the expert who reviewed the sample. As explained in Section 2.3, we expected Table 6 Human review results of 2:3 trapezoids.
Reference terminology
Sample size Alter. classification Thus, "non-infectious skin disorders" in MEDCIN is a classification by infectiousness, while in SNOMED CT, "Age, sex or race-related dermatoses" is a classification by patient characterization. Fig. 9 shows another example topological configuration between FMA and SNOMED CT (body structure hierarchy) that was also deemed an alternative classification.
By making the implicit knowledge of different ways how to classify a concept explicit, terminology curators can contrast their view with other terminologies and possibly codify the alternative classifications in their terminology.
In SNOMED CT, pulmonary veins are apparently first divided by laterality, while FMA first distinguishes basal veins from other Table 7 Human review results of 3:2 trapezoids.
Sample size
Alter. classi-fication
Error in Terminology 2   MEDCIN  50  31  5  2  4  5  2  1  -NCI  50  30  3  3  2  8  4  --UMD  12  2  --1  9  ---FMA  36  25  6  -0  2  3  --Total  148  88  14  5  7  24  9  1  0  Percentage  100% 59.5% 9.5% 3.4% 4.7% 16.2% 6.1% 0.7% 0% Table 8 illustrates a case where the intermediate concept X was identified as a parent of the other concept Y by the domain expert. In this example, the intermediate concept "Systemic Congenital Disorder" can be a parent of "Congenital abnormality of lower limb AND/OR pelvic girdle," thus the intermediate concept "Systemic Congenital Disorder" from NCI may be added as a parent of "Congenital abnormality of lower limb AND/OR pelvic girdle" in SNOMED CT (clinical finding hierarchy), and vice versa, if this is needed according to the judgment of the curators of NCI and/or SNOMED CT.
The second example in Table 8 shows a case where the intermediate concept X was identified as a parent of the concept Z and as a child of the concept Y by the domain expert. In this example, the intermediate concept "pulmonary obstructive disorders" can be a parent of "Bronchial diseases," and a child of "Disorder of lower respiratory system," thus the intermediate concept "pulmonary obstructive disorders" from MEDCIN may be added as a parent of "Bronchial diseases," as well as a child of "Disorder of lower respiratory system" in SNOMED CT (clinical finding hierarchy), and vice versa. (See our comments about this example in Section 4.) Table 8 Four examples for 2:3 trapezoids. Duodenal varices, C0580178 The third example in Table 8 shows a case where Concept X was identified as a synonym of Y. In this example, the intermediate concepts "Ingested food" from the FMA and "Gastrointestinal contents" from SNOMED CT (substance hierarchy) were deemed by our domain expert to be synonyms that had not been recognized previously and thus should be merged.
The domain expert decided that there is an error in MEDCIN (the fourth example in Table 8 ). Duodenum, jejunum and ileum are the three different segments of the small intestine. Duodenal varices are located in the duodenum, not jejunum or ileum. Therefore, "Duodenal varices" are not a disorder of jejunum and ileum. We have also conducted experiments on cases of 2:n (n > 3), 3:n (n > 2), and 4:n (n > 1) trapezoids. Table 9 shows the number of trapezoids identified for each kind. With the values of m and n growing, the number of possible cases of relationships among intermediate path concepts grows very fast.
For example, in a 3:8 trapezoid, each of the two intermediate concepts on the left side might be a synonym of each of the seven intermediate concepts on the right side, allowing for fourteen possible connections. However, if both concepts on the left side have synonyms among the concepts on the right side, the number of correct possibilities is mutually constrained by the two concepts. In the same way, each of the two left concepts could potentially be inserted between any pair of concepts on the right side, but the possible insertions for one concept are not independent of the insertions of the other concept.
Discussion
In this work, we have considerably extended the previously introduced structural methodology for identifying potential concepts for a terminology. We found that this methodology is viable for identifying potentially useful concepts in one terminology for inclusion as parents, children, new synonyms, etc. in another terminology. Furthermore, we observed striking density differences between four reference terminologies and SNOMED CT, which suggests that there is ample room for applying this algorithmic methodology to terminology maintenance.
As a leading clinical terminology, SNOMED CT has recently attracted attention regarding harmonization with various other terminologies, e.g., ICD-11 [51] and LOINC [52] . The harmonization of ICD-11 and SNOMED CT includes a common concept model based on SNOMED CT. ICD-11 will be based on the common concept model using a linearization technique. ICD codes are mainly used for diagnoses and billing, whereas SNOMED CT is a rich reference terminology for, e.g., encoding problem lists. The ICD-11 project has the underlying philosophy that classifications and nomenclature are different from each other, with different purposes, echoing a well-known controversy [53] .
The cooperative work of IHTSDO and the Regenstrief Institute to link SNOMED CT and LOINC was listed as one of the top 10 Informatics events in 2013 by the American Medical Informatics Association [54] . The goal of this initiative is to provide a common framework within which to use LONIC and SNOMED CT, so that the overlap between two terminologies should not be extended. In the LOINC project the underlying philosophy is that under a common concept model, concepts in LOINC should not have an identifier in SNOMED CT. Moreover, LOINC concepts can have links to post-coordinated SNOMED CT expressions, so that transformations between the representations are possible.
These studies on ICD-11 and LOINC have focused on harmonization of concept models, but not on enriching the content coverage of SNOMED CT. For concepts present in both, a link will be constructed. In this way, ICD-11 and LOINC can be used for what they are best at, with full interoperability but without creating redundant representations. 1 Our study abstracts away from the purposes of terminologies and classifications as well as from the interoperability architectures. The methodology leverages harmonized terminologies in the UMLS to algorithmically suggest concepts, thereby supporting a concept enrichment mechanism as opposed to the aforementioned approaches [51, 52] .
Previously, Weng et al. [11] presented the BRIDG model as a community effort to harmonize existing information models and ontologies for clinical research. It requires extensive in-person meetings, which are time-consuming and laborious. Tao et al. [55] discussed the semantic harmonization of OWL-based ontologies, to be used for deriving temporal relations from clinical narratives. The OWL conversion ensures the quality of the result, because it is based on a logical representation of concepts, which is an advantage of the approach. The UMLS approach in our study is dependent on the quality of the CUIs, and a curator must go through a large number of trapezoids to identify those that are relevant. However, Tao's approach requires that the ontologies to be harmonized must be authored in the OWL format or converted to OWL format. The OWL conversion needs to be evaluated by domain experts. In contrast, the UMLS uses a uniform structure for all its source terminologies. Therefore, we can perform semantic harmonization of its source terminologies regardless of what their original formats are.
In Section 3, we have demonstrated that by considerably extending the structural method introduced previously [33] , largescale semantic harmonization can be supported in a generalizable manner, but not completely automated. We also observed that one reference terminology can form trapezoids with one or several hierarchies of SNOMED CT. For example, NCI has over 10% overlap with the following hierarchies of SNOMED CT: Qualifier value, Substance, Pharmaceutical/biologic product, Linkage concept, Environment or geographic location, and Body structure. Because (1) our algorithm uses "IS A" relationships and "AUIs" defined in the source terminology to construct a parent-child path in a terminology, and (2) SNOMED CT concepts are separated into 19 "IS A" hierarchies, the parent-child path in SNOMED CT in a trapezoid resides completely in one hierarchy. It does not cross hierarchy boundaries of SNOMED CT; therefore, the potential concept(s) found in a trapezoid would be suggested to be imported into one hierarchy of SNOMED CT.
Our method for enriching the conceptual content of a terminology also has the potential to improve semantic interoperability. In a hypothetical clinical scenario, if a doctor cannot identify a proper existing term or post-coordinated term to describe the clinical scenario of a patient, s/he would use free-text to record the findings, thereby reducing the accessibility of the record to computational processing. Natural Language Processing of clinical notes may help, however, a comprehensive terminology would be needed so that free-text notes can be transformed into a computer-recognizable format. Our methodology can help with enriching a terminology to achieve a higher level of comprehensiveness.
Limitations
A limitation of this research is that only vertical topological patterns of "PAR" links are used. The UMLS also supports "RB" (Relationship Broader) links that function in an analogous way to "PAR" links, but differ in the source of the relationships. Furthermore, we have only used "IS A" annotations of "PAR" links. Many "PAR" relationships do not have any annotation (roughly half of them), but about 20,000 are annotated to indicate a part link, distinguishing those from relationships annotated in other ways, e.g., those expressing an "IS A" link. A thorough analysis distinguishing between "PAR" relationships with different annotations and comparing the results with paths of "RB" relationships would provide deeper insights into the phenomenon of density differences.
An important limitation is caused by the UMLS itself. Over the past 25 years, our SABOC research group has devised numerous auditing techniques for the UMLS. Still, due to its size and complexity, while old modeling errors and inconsistencies were eliminated, new errors were introduced in new releases. Therefore, when using the UMLS as a backend for biomedical research, one needs to consider some intrinsic problems of the UMLS, which might affect the results of the experiments. Some findings in this work could also contribute to improving the UMLS, e.g., by making previously unrecognized synonyms explicit.
In this work, we only leveraged the native term mappings of the UMLS, i.e., terms with the same meaning were grouped together by the UMLS editors with the same CUI. It is possible that term mapping errors of the UMLS might have led to a few errors in our analysis. We did not use other techniques to identify concepts of similar meaning. Therefore, a suggested potential concept might have a semantically similar concept but with a different CUI in the target terminology, due to an oversight of the UMLS curators. For example, in the second example of Table 8 , we suggested that the concept "pulmonary obstructive disorder" could be imported into SNOMED CT as a parent of "Bronchial diseases" and a child of "Disorder of lower respiratory system." However, there exists a concept "Respiratory obstruction" in SNOMED CT, which is similar to "pulmonary obstructive disorder," but the two concepts have two different CUIs in the UMLS.
Another limitation of this work is that it uses SNOMED CT concepts and all reference terminology concepts in the format that they were provided in by the UMLS. Existing differences between the original concept representations of SNOMED CT (or the reference terminologies) and the representation of SNOMED CT that is accessible through the UMLS might cause subtle differences in the results.
Future work
We plan to report our results to the SNOMED CT curators, i.e., the content team of IHTSDO and the U.S. National Release Center at the U.S. National Library of Medicine. After getting their feedback and arguments for inclusion or exclusion of our suggested concepts, we will refine our methodology accordingly.
Additionally, in future work, experiments with other relationship annotations besides IS A will be performed, although pilot experiments indicate that the expected yield is low. We plan to perform experiments between any two overlapping terminologies, i.e., Terminology 2 will not be limited to SNOMED CT anymore. In this work, we used only one release of the UMLS. As new versions of the source terminologies appear in new releases of the UMLS, we plan to perform a cross-release longitudinal study to assess how the density differences between two terminologies evolve over time, which may reveal more interesting patterns to support semantic harmonization between terminologies.
In this research, we analyzed only vertical density differences. In the future, we will investigate horizontal density differences according to numbers of corresponding sibling concepts between pairs of terminologies, which can potentially identify missing concepts for import.
Our methods identify concepts that may enrich the contents of SNOMED CT and four reference terminologies. One may question whether importing some of the intermediate concepts is really necessary. We plan to develop a data-driven method to evaluate the usefulness of potential concepts for a specific data set, e.g., free text clinical trial eligibility criteria of all the trial summaries on ClinicalTrials.gov. We will identify frequently used n-grams in the free-text eligibility criteria that are not SNOMED CT concepts and match them with the potential concepts identified in this study to find valuable concepts for import.
Conclusions
In this analysis of 1:k and k:1 trapezoid topological patterns, path length ratios of up to 1:9 and 6:1 were observed, i.e., a parent in MEDCIN was separated in SNOMED CT from the MEDCIN child by a path of nine "PAR" relationships. Six "PAR" relationships were found in NCI between two concepts that are connected by one "PAR" relationship in SNOMED CT. SNOMED CT curators could consider importing intermediate concepts found in these trapezoids to improve its coverage. SNOMED CT itself could function as a source for exporting concepts to the four reference terminologies.
In the analysis of 2:3 and 3:2 trapezoid topological patterns, 299 randomly selected cases were reviewed by a domain expert. It was shown that 39.1% and 59.5% of the intermediate concepts were deemed to be alternative classification in the 2:3 and 3:2 trapezoids, respectively. In 30.5% and 17.6% of the cases it was found that intermediate concepts could be imported into SNOMED CT and into reference terminologies, respectively, to enhance their conceptual content. This study contributes a structural method that has the potential to support semantic harmonization efforts.
